The identification of species within an ecosystem plays a key role in formulating an inventory for use in the development of conservation management plans. The classification of mangrove species typically involves intensive field surveys, whereas remote sensing techniques represent a cost-efficient means of mapping and monitoring mangrove forests at large scales. However, the coarse spectral resolution of remote sensing technology has up until recently restricted the ability to identify individual species. The more recent development of very high-resolution spatial optical remote sensing sensors and techniques has thus provided new opportunities for the accurate mapping of species within mangrove forests over large areas. When dealing with the complex problems associated with discriminating among species, classifier performance could be enhanced through the adoption of more intrinsic features; such as textural and differential spectral features. This study explored the effectiveness of textural and differential spectral features in mapping mangrove inter-species obtained from WorldView-3 high-spatial-resolution imagery for mangrove species in Hong Kong. Due to the different arrangement of leaves, the branch density, and the average height and size of plants, we found that the differential spectral features could aid in reducing inner-species variability and increasing intra-species separation. Using a combination of textural and differential spectral features thus represents a promising tool for discriminating among mangrove species. Experimental results suggest that combining these features can greatly improve mapping accuracy, thereby providing more reliable mapping results.
Introduction
Mangroves are salt-tolerant evergreen forests that grow in the intertidal zones of marine, coastal and estuarine ecosystems of tropical and subtropical areas [1] . Mangrove forests are irreplaceable habitats that sustain unique biodiversity and provide crucial ecosystem services to humans [2] , yet despite their socio-economic value to coastal communities they are among the most highly threatened habitats globally [3] . As of 2000, mangrove forests covered an area of approximately 137,760 km 2 in 118 countries and territories [4] , with the largest extent located in Asia. One of the most representative derivative spectra in the visible wavelengths has been shown to be more highly correlated with percent leaf surface area infected by a certain type of fungus than the original zero-order reflectance data [26] .
The goal of this study was to investigate the value of a WorldView-3 image in mapping different mangrove species, using both spectral and textural features. To make comparisons, three types of features were tested to evaluate their relative effectiveness. More specifically, this study intended to achieve the following three objectives:
(1) To evaluate the use of the eight original bands of WorldView-3 imagery for mapping mangrove species; (2) To evaluate the use of a combination of the original bands and textural features for mapping mangrove species; and (3) To evaluate the use of a combination of the original bands, textural features and differential spectral features for mapping mangrove species.
The remainder of the paper is organized as follows: Section 2 illustrates the study area and data; Section 3 briefly reviews the textural and differential spectral features that were used; Section 4 reports the experimental results that were obtained; and finally, a discussion of the results is provided, along with concluding remarks.
Study Area and Data
The Mai Po Marshes Nature Reserve is located in the northwestern New Territories of Hong Kong and borders the Shenzhen Special Economic Zone of Guangdong Province, China [29] (Figure 1 ). The geographic coordinates of the reserve are roughly 113˝59 1 E-114˝03 1 E and 22˝28 1 N-22˝32 1 N, bordering the mudflats and mangrove forests of Inner Deep Bay. This area is influenced by the Pearl River and, specifically, by the Shen Zhen River and Deep Bay. The climate of the region is largely governed by the continent of mainland China [8] . The entirety of the Mai Po marshes complex encompasses dwarf mangroves, shrimp ponds and fish ponds, and supports numerous species of wildlife. The Mai Po reserve provides significant habitat for migratory birds and for this reason is considered to be a wetland of international importance under the 1995 Ramsar Convention, a designation that confers some protection for the wide range of natural and man-made habitats in the reserve, especially with regard to the mangrove forests [30] . The mangroves that ring Inner Deep Bay are the most prominent feature of the reserve. These mangroves are the largest remaining mangrove forest in Hong Kong and one of the few extensive mangrove forests left in southern China. To improve management, the reserve has been divided into five separate administrative zones based on habitat type, ecological values and existing land uses by the Agriculture, Fisheries and Conservation Department (AFCD) of Hong Kong. These zones consist of the core zone, the biodiversity management zone, the wise-use zone, the public-access zone, and the private-land zone. The core area of mangrove forest in Inner Deep Bay is approximately 3000 m long and 500 m wide and is intersected by several water channels. Mai Po was first declared a nature conservation area in 1975, and designated as a Site of Special Scientific Interest (SSSI) the following year; it was named a nature reserve in 1984 and is presently under the management of the World Wide Fund for Nature (WWF). The ecological significance of the Mai Po reserve is also reflected in the designation of its associated wetland areas as a Wetland of International Importance under the Ramsar Convention. Such international recognition of the site's ecological significance is mainly due to the large number of endemic bird species, many of which are rare species. Despite this, little research has been conducted in this area, primarily because the reserve is restricted to a small area at specific locations, and because of its limited accessibility and its politically sensitive location bordering China.
Eight species of mangrove are found in the Mai Po reserve [31] , four of which are dominant native species, according to field studies and a report published by the Agriculture, Fisheries and Conservation Department of Hong Kong. These four spceis are Kandelia obovata and Avicennia marina, which reach the canopy stratum; and Aegiceras corniculatum and Acanthus ilicifolius, which occupy the understory and usually grow along coastal edges. Two other native species, Bruguiera gymnorrhiza and Excoecaria agallocha, are less common, and two exotic tropical species-Sonneratia apetala and Sonneratia caseolaris-were propagated from a plantation located along the Shenzhen River in the Futian National Nature Reserve, in Shenzhen city [21] . According to a previous study [8] , four main species of mangroves have been of primary focus, namely Avicennia marina, Acanthus ilicifolius, Kandelia obovata, and Aegiceras corniculatum. Photographs of these four species taken during different phenological periods are shown in Figure 2 .
Field studies were conducted in July 2013. A differential GPS (Global Positioning System) was used to match the geographical location between field survey data and image pixel data. Conducting fieldwork in summer is more effective for identifying species because of the presence of flowers. The flowering phase of mangrove forests in Hong Kong is relatively long due to the humid subtropical climate, with some species continuing to blossom as late as November; the spectral features of mangrove leaves are not affected by the presence of these small flowers. According to reserve staff, the distribution of the mangrove species of interest was unchanged between July 2013 and present. Acanthus ilicifolius and Kandelia obovata can both be further separated into two spectral classes, based on differences in their locations and leaf shapes [22] . From field studies it is known that (i) there are two types of Acanthus ilicifolius, one of which has leaves with serrated edges whereas the other has rounded leaves; and (ii) Kandelia obovata is divided into two distinct populations growing on the landward and seaward sides that differ in height and leaf density. Previous studies have divided each of these species into two subclasses [8, 21] , a classification criterion we follow here.
Launched on the 13th of August 2014, WorldView-3 is a fourth-generation high-spatial-resolution optical satellite operated by the American company DigitalGlobe. With an image-resolution capability 31 cm, WorldView-3 is the highest spatial resolution optical satellite available for civilian use. It can also provide 8-band multispectral imagery with 1.24 m resolution and 8-band shortwave infrared imagery with 3.7 m resolution. Because of this range of spectral coverage and near infrared and shortwave infrared capabilities, WorldView-3 images are used for a variety of purposes, including monitoring of vegetation, mineral exploration, coastal monitoring, and other broad applications [9] . Images of the Mai Po Nature Reserve were acquired in January 2015, and cover the entirety of the reserve, with the eight multispectral bands ranging from 400 to 1040 nm.
For this study, we focused solely on the core zone, which is dominated by large extents of mangrove forests; a true-colour image of the core zone is presented in Figure 3 . The rectangular data cover 59.24 ha; after carefully drawing the border of this area, the core-zone image covers 26.59 ha that remain to be classified. 
Methods
Several categories of features were adopted for input of the classifier, i.e., the Support Vector Machine (SVM), including the original spectral features, textural features and differential spectral features from the multi-channel data.
Preprocessing
Before the extraction of textural features and differential spectral features, a series of pre-processing steps had been conducted:
(1) Following atmospheric, geometric and radiometric calibration, the spatial resolution of the images was resampled to 1.6 metres when the image was provided by the DigitalGlobe agency. (2) The region of the core zone of mangrove forests was carefully depicted by ROI tools and the corresponding data were obtained. (3) Before textural features were calculated, a principal components analysis (PCA) was applied to the original image to extract the first two components from the data; as such, eight textural features were in fact calculated. (4) The reference data were believed to be representative of the distribution of these six mangrove classes out of four species, supported by the in situ field studies conducted in July 2013. All sample points were divided into two sets based on their spatial distribution, with one set designated for training the classifier and the other for assessing classification accuracy. Samples chosen for training covered all regions, to ensure the completeness of sample characteristics and an unbiased estimation of a certain class of limited extent. The number of reference data collected in the field for each class is shown in Table 1 . 
Textural Features Extraction
The features extracted from GLCM have been shown to be powerful tools for image texture analysis [32] . These features compute the statistical characteristic of a certain pixel, based on grey level intensities of the image, and describe how often a pixel of grey level i appears in a specific spatial relationship to the occurrence of pixels of grey level j [33] . In this manner, GLCM defines a square matrix the size of which is equal to the largest grey level N g that appears in the image. The element GLCM pi, jq located in the pi, jq position of the matrix represents the probability of co-occurrence for pixels with grey levels i and j, and an inter-pixel distance δ and orientation. Although GLCM can to an extent reflect some information regarding distance, orientation, and changes in the magnitude of grey levels, it cannot be directly used as a quantitative index of texture characteristics. Instead, the second-order movements based on GLCM, which have been recognized as textural features, can be applied to various needs of image processing. Haralick et al. [34] proposed 14 original statistics that can be applied to the co-occurrence matrix in order to measure texture features.
The second-order statistical textural features, which include homogeneity, contrast, entropy and correlation, are determined from GLCM images by applying their respective equations (see Table 2 ).
(1) Homogeneity. The spatial distribution of grey levels in the image is inferred by homogeneity, where a homogeneously textured image is comprised of a limited range of grey levels, and thus the GLCM image displays few values with relatively high probability, which reflects the changing magnitude of the grey levels in local areas in the image. Where the digital number values for a specific region are similar, homogeneity tends to be large. (2) Contrast. While the contrast in intensity between a pixel and its neighbour is determined over an entire image. It is strongly related to the clarity of the image and it has been shown that pixels with similar values results in low contrast, making boundary demarcations between features of interest more difficult. (3) Entropy. Textural uniformity is calculated using the equation shown in Table 1 and expressed statistically as measured energy. This suggests that the maximum constant values or periodic uniformity in grey level distribution will attain maximum energy if there is complex texture in the image. Clear domain of group of textures in deciphered on account of higher value in energy measure. (4) Correlation. Correlation refers to how closely related a reference pixel is to its neighbour throughout an image and is uncorrelated with homogeneity, contrast and energy. The equation for correlation measurement considers the mean and standard deviation for the rows and columns of the matrix, as shown in Table 2 , where µ x , µ y and σ x , σ y represent the mean and standard deviation of probability matrix GLCM along row x and column y. Table 2 . The Grey-Level Co-Occurrence Matrix (GLCM) features used in this study.
Method Formula
These four textural features were adopted in our analysis, as they have been reported to be effective in discriminating between spatially heterogeneous materials [33, 35] . We calculated the four textural features using the first and second principal components as opposed to using the eight original spectral bands, for two reasons: first, to reduce the number of the extracted features form thirty two to eight, in order to reduce computational costs; and second, to reduce redundancy while preserving most of the image variability. Finally, the scale of the features (i.e., the size of the sliding window) was also taken into consideration in the experiment section. A sensitivity analysis between classification performance and textural feature scale was carried out.
Spectral Differential Features Extraction
Spectral differential techniques can be adopted to partially eliminate atmospheric effects and the influences of environmental factors (shadows, soil, etc.), which provides a clearer picture of the essential characteristics of the vegetation of concern; these differential data can also be used to extract biochemical information about the vegetation. Some vegetation indices that have been proposed, such as the Yellowness Index (YI), also account for the differential spectral information [36] . This n-degree derivation of the spectrum is essentially the expression of a change related to the status and abundance of absorbed biochemical elements, including chlorophyll, water, and nitrogen. The second degree deviation, for example, may be expressed as:
where λ i is the wavelength at the i-th band, ρ1 pλ i q is the first-degree deviation of λ i , and ∆λ represents the interval between two adjacent bands. Given the complexity posed by factors such as stray light conditions and uncertain background materials in these ecosystems, differential spectral features may serve to further enhance species identification and composition of mangrove forests. Second-order differentiation spectral feature is adopted in the experiment section.
SVM Classifier
When combining these features, vector stacking is useful when the integrated features are applied to a single classifier. In vector stacking, all of the calculated features, including textural and differential spectral features, are aligned with the original spectral features to form a higher dimensional feature vector for input into the SVM classifier, given its capability and robustness for addressing complex classification problems. As SVM is a fast and efficient machine-learning algorithm and is insensitive to prior distribution assumptions, it can be applied to multi-source data fusion [37] . Therefore, it is reasonable resorting to its ability of dealing with the fused features for mangrove species discrimination.
A flowchart of the methodology adopted in this study is shown in Figure 4 . 
Results and Discussion
We apply the same SVM classifier with three groups of features, respectively. They are: (i) features from Original eight bands Spectral data (OS); (ii) features combining Original Spectra and calculated Textures (OST); and (iii) features combing Original Spectra, calculated Textures and Differential spectral features (OSTD).
For each classifier, cross-validation was used to identify the best model for final classification (see Figure 5 ). As can be observed, the classification maps of mangrove species are smoother when textural and differential spectral features are included. Considering the density of the mangrove forests in Mai Po, it is thought that smooth maps are more reliable than speckled maps. Moreover, the classification results of the combined features showed an increased agreement with field survey data. The overall accuracy of the map was estimated to provide preliminary comparison results (Table 3 ). Table 4  Table 5  Table 6 The inclusion of textural features improves accuracy of the distribution of mangrove species, which smooths the results and reduces the number of errors from other classes. Here, four types of textural features were adopted, as outlined in Section 3. However, the edge effect caused by the window-based textural features renders the results concerning transitional sections somewhat inaccurate and unreliable.
Classification accuracy can be further enhanced with differential spectral features that are sensitive to essential characteristics of the plant, as noted in Section 3. The second-degree deviation of the spectrum is utilized as the differential spectral feature. Accuracy was assessed base on the validation set of the field collected reference data (Table 3) , which shows that incorporating OSTD features into the SVM classifier greatly improves the classification performance of the SVM. For a more detailed analysis, confusion matrices that include both producer and user accuracy were constructed; these are presented in Table 4 for SVM + OS features, Table 5 for SVM + OST features and Table 6 for SVM + OSTD features. Improvements made to both producer and user accuracy are illustrated in Figures 6 and 7 . From the tables, it was found that mapping accuracy was enhanced for all six species when textural features are combined, especially with regard to Acanthus ilicifolius Group1, which was inadequately classified using SVM and original spectral features. As can be observed from the AI1 row of Table 4 , this species is often confused with AI2 and vice versa, as their spectral features are similar. However, because these two species exhibit different textural features, inclusion of textural features in image analysis greatly improves their classification accuracy, in our case by 45%. The differential spectral features could further suppress the background interference signals and exploit the intrinsic features of each species. By combining these features, the inter-species differences could be further increased, and intra-species variances could be decreased to some extent, thereby improving classification performance. By optimizing the parameters of the SVM classifier, user's and producer's accuracy had also been greatly improved. Moreover, this approach requires no additional data or parameters, which makes it both a practical and effective method.
We also calculated the area of each species counted by pixels from the classification results in order to make a more comprehensive comparison. The areas are in direct proportion to the pixels and their percentages are shown in Table 7 . According to reserve employees, Kandelia obovata is the dominant species of mangrove in Mai Po, which accords with our findings using the SVM + OSTD method. Determining the optimal window size of textural features is important, as an undersized window will fail to fully exploit the textural arrangement of the objects of interest, whereas an oversized window will result in blurring of the object boundaries [38] . For classification tasks, because the scales of different objects of interest are not identical, a referential window size is preferred. We conducted a sensitivity analysis aimed at determining the optimal window size for calculation of the GLCM matrix. From Figure 8 it can be observed that the best classification result attained was 94.4% based on a window size of 13ˆ13 pixels. When conducting this method, no more data inputs are required besides all the eight multispectral bands of WorldView-3 imagery. There is only one parameter in the feature extraction process: the window size of GLCM, which should be settled according to difference cases. The optimal value of the window size is determined by many factors, such as the scale of the interested object. In the classification process using these integrating features, cross validation could be resorted to as an easy-way to tune the parameters in SVM classifier for best performances. We've reduced the level of difficulty of classification by focusing solely on the mangrove area. However, when the area covers a more complex distribution of landscapes, the effectiveness of the proposed method should be further tested and discussed.
Conclusions
We proposed that a feature extraction approach using the latest high-resolution WorldView-3 remotely sensed imagery would be an effective method for discriminating among mangrove species in the mangrove forests of Mai Po Nature Reserve. The textural and differential spectral features further exploit the unique characteristics of the different mangrove species, thereby reducing intra-species variability while increasing inter-species distinction. Incorporating the combined features for the SVM classifier greatly improves mapping accuracy of mangrove species in the Mai Po reserve, an overall accuracy reaching 94.4%, a significant improvement over the 83.7838% attained focusing solely on the original spectral features from the image. The user accuracy of the main species found in the Mai Po reserve has thus been substantially increased. Similar species, such as the two types of Acanthus ilicifolius, could be distinguished with greater accuracy when their textural and differential spectral features are also considered. This approach has proven to be an efficient and practical method that requires no additional data input or parameters. However, future research should focus on the development of better spatial features tailored to the growth characteristics of the different mangrove species to improve classification performance even further.
